I. INTRODUCTION
The severity of shaking at a given location during an earthquake depends on many factors including but not limited to the magnitude of the earthquake, distance to the rupture zone, and local site conditions. Within the last decade, the effects of local site conditions on ground motion and on the resulting severity and distribution of damage has been demonstrated by observed damage and instrumental data from the 1985 Michoacan, Mexico (Ma = 8.1), the 1988 Armenian (Ms = 7.0), the 1989 Loma Prieta, California (M8 = 7.1) and other earthquakes. The effects of site conditions on characteristics of strong motions have been intensively studied (Borcherdt and Gibbs, 1976; Shiga et a/., 1979; Davis et al, 1983; Geli et a/., 1988; Qelebi, ^7^ 1991) . Future and more effective identification of requisite site characteristics for improved estimation of ground motion is an important objective of earthquake hazard reduction processes. The influence of site characteristics on the amplification of ground motion is better understood now than approximately 20 years ago, due to the increase in recorded strong motion data during recent earthquakes and extensive efforts to define site conditions. This study is an attempt to identify some site characteristics that influenced the degree of ground motion amplification during the Loma Prieta earthquake (LPE) by using pattern recognition method (PRM). Part of the San Francisco peninsula is adopted as a pilot study area using PRM. The main reason for selecting this area is the availability of geological and seismological data. Taking into account the high-density urban population of the San Francisco Bay area, results of such a study can be used to improve existing seismic zonation maps; thus, reducing earthquake hazards.
The area covered in this study includes San Francisco and the San Francisco peninsula, extending south to Monterey Bay and is approximately 100-km long and 40-km wide, between the Pacific Coast and Highway 101 in the Santa Clara basin. The general outline of the area is shown by the grids (marked 1 thru 133) in Figure 1 . The elements marked 134 thru 140 in the East Bay, outside of the main study area, are test elements as described in Section IV.
The topography of the area is best described by a system of roughly parallel ridges, Young sedimentary deposits that filled up the Santa Clara basin are represented by soft, unconsolidated alluvium and mud. In general, the topographic and geological environment of the area is an important influence on the degree of shaking during an earthquake.
The purpose of this study is to apply the pattern recognition method to the San Francisco peninsula and immediate vicinity affected by the Loma Prieta earthquake. It is a limited study carried out in a short time frame mainly to demonstrate the application of PRM to San Francisco Bay area. Further refinements of this application with improved and extended data base will be necessary to achieve better results. As a by-product of this study, it is desired to identify by PRM those significant site-related parameters that influence earthquake ground motions that cause hazards in the area.
II. DESCRIPTION OF THE PATTERN RECOGNITION METHOD
Pattern recognition method (PRM) has been applied in geophysical investigations to identify earthquake prone areas for more than 20 years (Gelfand et a/., 1972 , Bhatia et a/., 1992 , and Gvishiani et a/., 1988 . The method is based on a defined set of objects (referred to as "elements" in this study) of recognition. The software used in carrying out PRM algorithm, CORA-3, is developed by staff of the International Institute of Earthquake Prediction Theory and Mathematical Geophysics, Academy of Sciences, Russia.
The following definitions and symbols are used to better describe the algorithm: W = the general set of objects (or "elements" in The algorithm has two main stages: (1) the learning stage and (2) the classification stage. During the learning stage, the input data that is assigned to describe the parameters of the elements in the learning set, Wo ,are used in order to generate characteristic traits of each class DO and NQ. In general, the feature is a triple binary combination which frequently appears on elements of one class but rarely appears on elements of contrary class when the elements are represented in binary form after discretization.
The algorithm CORA-3 characterizes the D objects and N objects by traits, that is, by some combination of values of the components of the binary vector representing the object in B space. This is a way to represent the joint occurrence of some physical properties and the traits are denned in the form of a matrix:
where i r = 1, 2, . . ., p; a r = 0 or 1; r = 1, 2, 3.
An object we W possesses the feature T if Wir = ar , for its description d(w) in binary space Bp . Let KoQ (T) be the number of objects of class £)0 and KwQ (T) number of object of class N0 possesing the same feature. Let KD, KD, ^Gv, KN be some fixed integers, free parameters of the algorithm. The feature T is considered to be a characteristic £)-feature if
KDo (T) > KD and KNo (T) < KD .
It is a characteristic TV-feature if
KNo (T) > KN and KDo (T) < KN .
During the second stage of the algorithm, classification is realized based on the following criteria. For each weW we define A(iy) = ND(W) NN(W) where Nx (w) is the number of traits which appear in the object w. Let At be an additional free parameter.
The classification C(W0 , KD, KD,KN, KN ,A t ) :W = DUN is defined as:
Each element of recognition is described by a set of real parameters. In order to apply pattern recognition algorithm, all parameters describing the elements have to be discretized and coded in binary form. The procedure of discretization includes also setting thresholds of discretization of each parameter, which subdivide the interval of altering of this parameter into several parts. In most cases, the thresholds are adjusted automatically in order for all intervals to get approximately an equal number of elements. To each interval, a unique binary combination is assigned. The algorithm searches the interval to which the value of the current parameter belongs. Then, real value is substituted by the binary code corresponding to this interval. After all elements are coded, the pattern recognition algorithm is applied.
III. COMPILATION OF REQUISITE DATA
The Pattern Recognition Method (PRM) is used in this study to identify the sites that amplify earthquake ground motions within the San Francisco peninsula. To apply this method, the study area was gridded into 133 squares (5 km x 5 km), each of which is considered an element of recognition.
The Bay Area is probably the best-studied region on the globe from a geologic and seismologic point of view. A considerable amount of data exists in digital and mapped form and is easily available to users. In this study, all available data within the area of investigation are used. The data used can be put into three categories:
(a) strong motion data;
(b) topographic data;
(c) geological data.
Accordingly, the list of parameters (Table 1) intended for testing in this study has been worked out on the basis of the available data.
III.l. Strong-Motion Data
The strong-motion data used in this study was compiled from a number of reports related to the 1989 Loma Prieta earthquake (EERI, 1990 , Shakal et a/., 1989 .
We used peak ground accelerations recorded by two different networks of strongmotion stations operated by the U.S. Geological Survey and the California Strong Motion
Instrumentation Program (CSMIP) of the State of California. Eleven USGS and 27 CSMIP stations are located within the investigation area. The names of these stations and recorded peak horizontal ground accelerations are presented in Table 2 . We have adopted data from free-field stations and from basements of 1-and 2-story buildings. It must be emphasized that strong motion data were used only as an input to develop the learning set of PRM.
III.2. Topographic Parameters
In order identify the role of topography in amplification, six topographic parameters were selected. These are: (1) maximum elevation within the element, (2) minimum elevation within the element, (3) elevation difference between points of maximum and minimum elevation, (4) distance between points of maximum and minimum elevation, (5) slope or gradient, and (6) was defined with a slope were located in this mountain area. Elements with a flat surface were concentrated around the San Francisco Bay and in the Santa Clara basin. Of course, the suggested characterization of the topography is very crude but for this preliminary testing of the method, it appears to be satisfactory.
III.3. Geological Parameters
In this study, only one type of geological information was used. To characterize site conditions, we used information on soil conditions extracted from the map entitled "The effect of soil type on earthquake risk" (Hall) . On this map, four soil types are designated:
(a) stable rock, (b) unstable rock, (c) unconsolidated soil, and (d) mud and fill. If an element contains more than one soil type, then, the soil parameter for that particular element was defined by the type of soil that extends to more than 50% of the whole square area.
This soil type classification seems to be reasonable to study geological amplification and also can be related to the current trends in various codes. It is doubtless that other geological factors such as the depth of soil to bedrock and slope of bedrock-surface can cause ground motion amplification. Unfortunately, this data is not available for the entire study area. This geotechnical information in general exists only for some sites where strong-motion instruments were stationed.
III.4. Other Parameters
Apart from geological and topographic environments, the intensity of strong motion at each particular site is closely connected with the distance and azimuth to the epicenter.
That is why azimuth to the epicenter was also included in the list of parameters. Instead of the distance to the epicenter, we considered the distance to the rupture zone. This data was extracted from the special issue of Earthquake Spectra (Earthquake Spectra, 1990).
Based on previous results using theoretical modeling (Boore, 1987) , we tried to estimate the possible influence of the San Andreas fault on ground motion amplification.
For this purpose, the distance from the center of each element to the San Andreas fault was taken into consideration.
IV. APPLICATION

IV. 1 Formulation of the problem
In Figure 2 , it is shown that, for LPE, the recorded PGA decreases with epicentral distance, an outcome of attenuation law concerning earthquake motions. However, in the case of LPE, a number of distant stations recorded amplified ground motions with high PGA values (see Table 2 ).
It is therefore important to determine whether ground motions at sites, that were not instrumented, amplified. To answer this question, the use of recorded PGA values is difficult because of the attenuation of (peak) accelerations with epicentral distance (DEP).
In order to eliminate the effect of DEP, in this study, instead of PGA, we adopt, PGA\, according to geometrical spreading factor 1/DEP (Aki and Richards, 1980) , defined as follows:
Large PGA\ values correspond to sites where recorded PGA values are not in agreement with attenuation law and consequently amplification of ground motions can be expected. Based on this assumption, the goal of recognition is to classify the whole set of elements in the study area into two classes: (1) positive elements (D) indicating that in those elements, strong site amplification occurs, and (2) negative elements (N) indicating that in those elements, site amplification is weak or does not occur. The criteria for D or N is the threshold PGAo, yet to be defined. In this study, PGAo is the threshold median value of PGAi for the elements from W0 .
IV.2. Selection of Learning Sets (Wo)
Of the total number of 133 elements, 29 elements contained strong-motion stations that recorded the Loma Prieta earthquake. The 38 peak values of accelerations recorded at these 29 stations are tabulated in Table 2 . When, at one element, more than one station recorded the earthquake, the largest peak acceleration within the element is adopted. The 29 elements used as learning set, W0 , are: 1, 2, 3, 4, 5, 6, 7, 8, 11, 14, 21, 23, 27, 33, 34, 36, 43, 44, 45, 47, 48, 49, 58, 74, 85, 88, 126, 129 and 130 (See Figure 1) .
We subdivided the learning set (Wo) into two sets (DQ and JV0 ), using the threshold PGAv equal to 9.22 which is the median value of PGA\ of set Wo ( Figure 3 ). It is obvious that this PGAo value corresponds to the 0.922 g PGA value at an element, if this element is 10 km away from the epicenter. A total of 14 elements (1, 3, 4, 6, 7, 8, 14, 23, 27, 36, 44, 45, 47 and 85) were accepted as learning set DQ of class D because they fall above PGA0 = 9.22. The remaining 15 elements with PGAi < 9.22 (2, 4, 5, 11, 21, 33, 34, 43, 48, 49, 58, 88, 126, 129, 130) were put into learning set NQ for N class (see Figure 3 ).
IV.3. Parameters of the Elements
Elements are described by 3 groups of parameters summarized in Table 1 . The variation of each parameter against peak acceleration is shown in Figures 4 thru 13. The following parameters were found to be significant to evaluate DO and NQ elements: Azimuth (Az ), #min , #max , AH, DSF, Gradient (AfT/I), Topography, Soil Type.
IV.4. Discretization and Coding
The parameters of the elements were discretized and the elements were coded by binary vectors. The thresholds of discretization for each parameter are given in Table 1 .
Parameters were coded in two ways. In the first way the interval of parameter is subdivided into two or three intervals. Each value of the parameter is coded by binary combination, depending on the interval (see Table 1 ). In the second, each value of the parameter corresponds to a certain binary combination. As a result, all elements of recognition were represented by 19-component binary vectors (See Table 8 ).
IV.5. Learning Stage
On the basis of learning set, two sets of traits which are characteristic for DO-and NQclasses, respectively, were selected by "CORA-3" algorithm. These are given in Table   3 . The following thresholds for selection and rejection were used for the selection of characteristic traits:
= 8, KD = 5, KN 9, KN 4.
IV.6. Recognition Stage
The elements from learning set and examination set were classified according to the following rule. An element was assigned to D-class if (Nd Nn) was greater or equal to 1; otherwise, it was assigned to class TV. As a result, 9 out of 14 elements originally from the Do class were classified as D (1, 3, 6, 8, 14, 23, 36, 45 and 74) . Four elements (7, 27, 47, 85) originally from the DO class were classified as N and three elements (2, 4, 5) from the NQ class were classified as D. In Figure 3 , it is observed that these elements are located very close to the formal median threshold (mean PGA\ = 9, 22) for DO and NQ classes.
Apparently the elements situated around the median are uncertain and could be referred to both of the classes DQ and NQ at the stage of learning.
In total, 31 objects among 133 defined in San Francisco peninsula were recognized to be positive (those with possible site ground motion amplification effect during the LPE with M = 7.1). These elements are identified in Figure 14 .
IV.7. Evaluation of the Reliability of Characteristic Traits
In order to determine the reliability of the characteristic traits of this study, we carried out the following control experiment. We considered 7 more elements with available values of peak ground motion acceleration. These elements (134, 135, 136, 137, 138, 139 and 140) are in the San Francisco Bar Area and are also located in Figure 1 but are out of our grid. PGA values, Loma Prieta epicentral distance and PGA\ values for these elements are listed in Table 5 . The fact that amplifications of ground motions occurred during the LPE within elements 134 and 135 is well publicized. Within elements 136, 138 and 139,
recorded PGA values, in general, are in agreement with natural attenuation; hence, most likely, ground motions did not amplify at these sites. Actually, apriori, we know in which elements amplification occurred. That is why these elements were selected for testing.
However, the principal question is whether characteristic traits based only on geologic and topographic data are sufficient requisites to identify those sites where amplification occurred.
To answer this question, we consider the above mentioned seven elements which have not been used in learning and recognition stages. For all these patterns, values of initial parameters were evaluated. These are summarized in Table 6 . Next, characteristic traits from Table 3 were applied in order to determine the number of traits of each class (D or N) in each of the test elements. The number of D-traits and N-traits for each test element is given in Table 7 . In accordance with classification rule in Section IV.5, the element was assigned to be D-class if Nd Nn is greater or equal to 1; otherwise, we assign the element to class N. As a result, elements 134, 135 and 137 were recognized to belong to D class while elements 136, 138, 139 and 140 were assigned to N class. This result is in good agreement with observations and recorded PGA values (Table 5) . Therefore, it may be concluded that characteristic traits obtained in this study allow us to reliably identify particular sites where ground motions were amplified during LPE due to topographical and geological conditions.
V. DISCUSSION AND CONCLUSIONS
Analysis of post earthquake damage surveys and strong-motion data recorded during the Loma Prieta earthquake indicated the significant effects of local site conditions on the resulting damage patterns (USGS Staff, 1989 EERI, 1989 EERI, ,1990 . At several stations that recorded the earthquake, it was determined that ground motions were amplified due to by local site conditions. Some of the well known regions of the San Francisco
Bay area where amplification occurred are: San Francisco's Marina District (Holzer and O'Rourke,1990) , Cypress Street viaduct (Hough et al.,1990) , Oakland (Hanks and Brady, 1991) . According to results obtained in this study, ground motions generated by the Loma Prieta earthquake were amplified at a number of other sites within the Bay Area due to specific combinations of topographic and geological factors.
Let us consider in detail the loci of elements recognized to be positive (amplificationprone) with a special attention to their characteristic traits resulted from the recognition study conducted herein.
Characteristic traits selected by "CORA-3" algorithm both for the positive (amplificationprone) elements and negative elements are represented in Table 3 . These traits identified seven parameters that turned out to be most significant among the initial eleven parameters for the creation of the decision rule (see Table 1 ). These significant parameters are: (a) maximum elevation, (b) minimum elevation, (c) difference between maximum and minimum elevations, (d) topographic gradient, (e) distance to San Andreas fault, (f) predominant landforms (topography), and (g) predominant soil type.
These parameters form the five characteristic traits for positive, (JD), amplificationprone, and four negative, (TV), non-prone elements.
In accordance with selected D traits, amplification-prone elements are generally characterized by gentle surface slope (small values of topographic gradient), presence of unstable rocks and relatively short distance to San Andreas fault. It should be mentioned that algorithm does not supply information to conclude which factor among these three is the most important for amplification to occur. These characteristic traits are valid simultaneously only in this combination.
Topographic parameters including in D-traits reveal a little bit unexpected trend. In accordance with their values amplification-prone sites characterize by a gentle slope of the surface. It seemed to be more naturally if amplified sites will be characterized by steep slopes of the surface. Perhaps, this is connected with location of grids containing strongmotion station records which form the D class of the learning set. Most of them are located within flat areas surrounding San Francisco Bay. On the other hand, it is very probably that in the San Francisco region, for amplification of ground motions, site soil condition is more significant a factor than that of topography.
It is interesting that "short" distance to San Andreas fault turned out to be an important feature in identification of amplification-prone sites. As seen in Figure 2 , most such sites are located rather far away from the source of the Loma Prieta earthquake.
It is necessary to emphazise that D-traits do not contain the parameters, such as AZ (azimuth), Dep (distance to epicenter) and Drup (distance to rupture zone), connected with position of amplification-prone sites relative to the epicenter of the Loma Prieta earthquake.
By this, it is meant that a given D-trait might be applicable to the identification of amplification-prone sites in other regions affected by earthquakes as large as LPE.
The application of D traits to classification of control elements, not included in the learning set, has been shown to be reliable.
It should be mentioned herein that, probably, because of a rather large size of elements considered (5km by 5km), too generalized characterization of amplification-prone sites has been identified. It is observed that, very often, amplification can occur very locally within a small area, within a broad region that does not amplify ground motions. That is why the size of investigated elements should be carefully optimizited in future studies.
Distribution of recognized amplification-prone elements over the San Francisco
Peninsula demonstrates the rationality of the results. In Figure 14 , the locations of 31 amplification-prone elements are shown. It is seen that these elements are mainly concentrated in the northern part of the Peninsula and along the south-eastern shore of the San Francisco Bay. According to Hensolt and Brabb (1990) Generally, it would be interesting to find some evidences to verify whether amplification took place during the Loma Prieta earthquake in all recognized elements.
In summary, we can conclude, first of all, that application of pattern recognition method to estimate strong ground motions gave us quite satisfactory results. As a result, particular set of site-conditions that possibly cause amplification of ground motions are defined. Amplification-prone sites within the San Francisco Peninsula are recognized.
This study should be considered as a first attempt to test PRM using strong motion data. To improve the results, in the future studies, it is necessary that: (a) the entire region affected by the Loma Prieta earthquake should be considered. This would improve the learning material and therefore the reliability of characteristic traits during the recognition process; (b) this decision rule be applied to another earthquake to verify the reasonability of decisions and assumption made in this study for identification of amplification-prone sites; (c) the optimal natural size of elements should be determined and more adequate list of topographic and geological parameters for their characterization be identified; (d) this approach is tested on other regions and the characteristic traits of amplification-prone sites are evaluated. 1 1 1 1 J 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 II II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 Ml 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 
